During early development of the gastropod mollusc Patella vulgata, the stem cell of the mesoderm (3D-macromere) is induced. As a result of this induction, the embryo becomes dorsoventrally organised. At about the same time in development, ciliated cells, socalled trochoblasts, are formed. Later in development, some trochoblasts deciliate and, together with the ciliated trochoblast,form the dorsoventrally organised prototroch, the locomotory organ of the larva. In order to study the role of the 3D-macromere in the specification of trochoblasts and in the induction of the dorsoventral organisation of the prototroch, induction of 3D has been prevented in various ways. It is shown that preventing 3D-induction results in the formation of a radially symmetrical prototroch. The trochoblasts of all four quadrants developed like corresponding trochoblasts of the A-quadrant. Somewhere between 30 and 120 min after fifth cleavage the 3D-macromere induces the formation of specific trochoblasts and organises the dorsoventral pattern of the prototroch. Besides a role of the 3D-macromere, a role of other cells has been demonstrated in the conditionally specified deciliation of trochoblasts.
Introduction
The trochophore larva is the characteristic larval form of many spiralians, e.g. molluscs and annelids (Fig. 1E, G) . A conspicuous landmark of the trochophore is the ciliated prototroch, a structure responsible for locomotion, which is formed by a number of large cells, the trochoblasts (Fig. IE,G ). These cells stop dividing very early in development and differentiate into ciliated cells. During development the trochoblasts become organised into one or more complete or incomplete rings that together form the prototroch (Mead, 1897; Heath, 1899; Holmes, 1900; Treadwell, 1901; Wierzejski, 1905; Verdonk, 1965; Carney and Verdonk, 1970; Darnen and Dictus, 1994a,b) . According to Wilson (1904) and Costello (1945) , the differentiation of trochoblasts is independent of other cells. This self-differentiating capacity is called autonomous specification. (The term specification is used in this article as has been done by Davidson (1990 Davidson ( , 1991 , i.e. specification denotes the process(es) by which the differentiated fates of the progeny of cleavage stage blastomeres * Corresponding author. Tel.: +31 30533475; fax: +3130532837.
are first established in the undisturbed embryo (whether irreversibly or not is here unimportant).)
In equally cleaving molluscs such as Patella, the dorsoventral axis is established by inductive interactions between presumptive ectodermal and presumptive endodermal cells (Van den Biggelaar, 1976; Van den Biggelaar and Guerrier, 1979; Arnolds et al., 1983; Martindale et al., 1985; Boring, 1989; Freeman and Lundelius, 1992) . Before these inductive interactions the embryo is radially symmetrical. Between the fifth and the end of the sixth cleavage one of the four vegetally located macromeres becomes centrally located in the embryo and obtains a firm and long-lasting contact with the overlying animal micromeres (Fig. 1C ). This macromere is induced to become the stem cell of the mesoderm, the mesentoblast mother cell 3D. As a result of this induction, the 3D-macromere has a cleavage-delay of about 18 min compared to the 3A-to 3C-macromeres (Fig. 1A,C) . Before the induction of the 3D-macromere all four quadrants are equipotent and consequently cannot be denominated (Van den Biggelaar and Guerrier, 1979; Arnolds et al., 1983; Boring, 1989) .
Recently, the complete cell-lineage of the Fototroch of Patella vulgata has been unravelled ( Fig. 2) (Darnen and Dictus, 1994a,b) . Although the four quadrants of the embryo are equipotent until induction of 3D, the contribution of the trochoblasts from the four quadrants to the prototroch is not identical (Fig. 2C,D) . This implies that the specification of a number of trochoblasts in Patella depends on cell-cell interactions, i.e. they are conditionally specified (Darnen and Dictus, 1994a) . Furthermore, since the prototroch is organised according to the dorsoventral axis, it has been suggested that the mechanisms underlying the establishment of the dorsoventral axis of the embryo might as well be responsible for the dorsoventral organisation and the differentiation pattern of the prototroch. This would imply that the 3D-macromere is causally involved in the conditional specification of trochoblasts (Darnen and Dictus, 1994a) .
In this paper the role of the 3D-macromere in the establishment of the dorsoventral organisation of the prototroch and the diversification of trochoblast cell-fate is experimentally investigated by studying the cell-lineage of the prototroch after inhibition of the formation of the 3D-macromere. Two approaches were used to block 3D formation. In the first approach, embryos were incubated in the Na+JH+-ionophore monensin. This treatment prevents centralisation of the putative 3D-macromere and consequently induction of the 3D-macromere (Fig. lB,D ) (Ktihtreiber et aI., 1988) . As a result the embryos develop in a radial fashion, i.e. without a dorsoventral axis (Fig. IF,H) (Ktihtreiber et aI., 1988) . In the second approach, all four macromeres were deleted at the 16-or early 32-cell stage, prior to iriduction of 3D. Consequently, no 3D-macromere can be formed and the embryos are expected to develop without a dorsoventral axis, i.e. remain radially symmetrical. The effects of the treatments on the differentiation of the trochoblasts and on the formation of the prototroch were studied in two ways. First, embryos of various stages were processed for scanning electron microscopy (SEM) and the differentiation pattern of the various trochoblasts was studied in the developing prototroch by using ciliation as a marker for trochoblast differentiation. Second, trochoblasts were injected with the cell-lineage tracer Lucifer Yellow-dextran and the contribution of their progeny to the prototroch was studied by means of fluorescence microscopy. The moment at which the 3D-macromere exerts its influence on trochoblast specification was also determined. Besides the influence of 3D on the differentiation of the trochoblasts, we investigated the possibility that other cells play a role in the development of the trochoblasts. This was done by comparing the differentiation pattern of isolated trochoblasts with the differentiation pattern of trochoblasts in embryos in which the formation of 3D was blocked. A difference in these two differentiation pathways can indicate a role of other cells (besides 3D) in the conditional specification of trochoblasts.
The results demonstrate that the 3D-macromere induces the dorsoventral pattern of the prototroch between 30 and 120 min after the onset of the fifth cleavage. In the absence of the 3D-macromere the trochoblasts of all four quadrants differentiate according to corresponding trochoblasts of the A-quadrant of control embryos. Consequently, the prototroch has no dorsoventral organisation and is radially symmetrical. The results furthermore demonstrate that the differentiation of isolated trochoblasts is different from the differentiation of trochoblasts in normal embryos and in embryos in which 3D formation has been prevented. This implies that also 3D-independent conditional specification mechanisms are able to influence pattern formation of the prototroch.
Results

Normal development
In previous reports the development of the normal prototroch has been studied extensively (Darnen and Dictus, 1994a,b) . In order to analyse whether control embryos developed a normal prototroch, and to compare this development with the development of the prototroch after inhibiting 3D formation, the development of the normal prototroch as studied with SEM and cell-lineage tracer injections is briefly summarised below. in boldface. For clarity, cilia have only been drawn on the most lateral main prototroch cells. AScs, anterior supporting cells; a.t., apical tuft; MPcs, main prototroch cells; pretr., pretrochal area; prot., prototroch; PScs, posterior supporting cells; sh.f., shell field; sh.gl., shell gland; tel., telotroch; postlr., posttrochal area. Scale bars, 30 ~m. Damen, W.J.A.O. Dictus / Mechanisms of Development 56 (1996) 
SEM and cell-lineage tracer injections
The results from the SEM analysis and the cell-lineage tracer injections demonstrated that each quadrant formed four primary trochoblasts ( Fig. 3 ; cf. Fig. 2B-D) . In addition, the A-, B-and C-quadrants each formed two secondary trochoblasts and two accessory trochoblasts, whereas the D-quadrant formed four accessory trochoblasts and no secondary trochoblasts (Figs. 3, 4A -H, 5A-D, 6A-F). Subsequently, in a quadrant-specific way, some trochoblasts started to shift in position and, somewhat later, a number of trochoblasts started to deciliate (Fig. 3) . As a result, the mature dorsoventrally organised prototroch was formed which consisted of a number of complete and incomplete rings of trochoblasts. The most prominent ring was a ring that only contained ciliated cells, the main prototroch cells ( Fig. IE; cf. Figs. 10, 2D ). Anterior and posterior to this ring, complete and incomplete rings of deciliated supporting cells were located (Figs. iE,G, 2D; see also Damen and Dictus, 1994a,b) .
Inhibition of 3D formation with monensin
SEM
Embryos were treated with monensin, cultured in Millipore-filtered sea water (MPFSW) and fixed for SEM at various moments of development (7.5,8.5,9.5, 10.75 and 12 .25 h after first cleavage). Due to the monensin treatment the putative 3D-macromere was not able to make contact with the overlying animal micromeres and was not induced to become 3D (Fig. lB,D) . SEM analysis showed that the gross morphology of all monensin-treated embryos was abnormal (Fig. IF) . All trochophores lacked a shell, a foot and other markers of dorsoventral symmetry, so were radially symmetrical. These results are in accordance with the results of Kilhtreiber et al. (1988) , who also obtained radially symmetrical trochophore larvae after monensin treatment.
Of a total of 25 monensin-treated embryos, six (24%) developed atypically and were discarded. In the remaining 19 embryos, the groups of primary, secondary and accessory trochoblasts could easily be recognised due to the presence of cilia and their invariant position in the embryo (Fig. 7) . (Atypical development: the number of trochoblasts (large cells) present is different from that in control embryos. Although the treatments that prevent the formation of a dorsoventral axis result in abnormal development, these treatments do not influence the number of trochoblasts that are formed (see text). Therefore, embryos in which the formation of a dorsoventral axis has been prevented, and that possess a different number of trochoblasts than control embryos, not only develop abnormally, but develop atypically.) In these embryos, each quadrant formed four primary trochoblasts (1m21l, Im212, Im 221 and Im 222 ), two accessory trochoblasts (Im1221 and Im1222) and two secondary trochoblasts (2ml11 and 2m112) (Fig. 7) . In the majority of these embryos, corresponding trochoblasts of all quadrants developed identically (Fig. 8) . Consequently, the prototroch was radially symmetrically organised. From about 9 h after first cleavage, the primary trochoblasts in these embryos became organised into a configuration in which the upper primary trochoblast (Im211) of each quadrant was displaced anteriorly and the other three primary trochoblasts (Im212, Im 221 and Im 222 ) were more or less aligned (Fig. 7) . The position of Im 211 indicates that it will become an anterior supporting cell. The more linear pattern into which Im212, Im l21 and Im 222 were arranged indicates that they will become main prototroch cells. The accessory trochoblasts became organised into a configuration in which both accessory trochoblasts (Im1221 and Im 1222 ) were located anterior to a number of main prototroch cells which indicates that they will become anterior supporting cells (Fig.  7) . The secondary trochoblasts became organised into a configuration in which one secondary trochoblast (2m III) was intercalated in between two primary trochoblasts (lm212 and Im221) of adjacent quadrants, which indicates that 2m III will become a main prototroch cell (Fig. 7) . The other secondary trochoblast (2m l12 ) was displaced posteriorly which indicates that it will become a posterior supporting cell (Fig. 7) . Whereas in each quadrant the main prototroch cells remained heavily ciliated, the accessory trochoblasts (Im1221 and Iml222) and the posterior secondary trochoblast (2m 112) of most quadrants of monensin-treated embryos started to become less heavily ciliated from about 9.5 h after first cleavage (cf. Fig. 9 with Fig. 7 ). The upper primary trochoblast (1m211) in monensin-treated embryos started to deciliate somewhat later in development, in most embryos at about 12 h after first cleavage (cf. Fig. 9 ).
In some embryos only partial radialisation occurred, i.e. apart from an A-quadrant-like differentiation pattern in at least two quadrants, one or two quadrants developed in a C-quadrant-like differentiation pattern or in a pattern that was different from any pattern observed in normal development (Fig. 8) . The primary trochoblasts in quadrants that developed in a C-quadrant-like differentiation pattern became organised into a configuration in which the lower primary trochoblast (Im222) of each quadrant was displaced posteriorly and the other three primary trochoblasts (lm 21l , Im 212 and Im 22 ! were more or less aligned (cf. Fig. 13B,C) . The position of Im 222 indicates that it will become a posterior supporting cell. The more linear pattern into which Im21l, Im 2 !2 and Im22! were arranged indicates that they will become main prototroch cells. Whereas the main prototroch cells in the quadrants that developed in a C-quadrant-like differentiation pattern remained heavily ciliated, the lower primary trochoblasts in these quadrants (lm222) started to deciliate at about 12 h after first cleavage. The other trochoblasts of the quadrants that developed according to the C-quadrant developed in the same way as corresponding trochoblasts of the A-quadrant. The difference between A-quadrant differentiation and C-quadrant differentiation is the formation of an anterior, respectively posterior supporting cell from the primary trochoblasts (Fig. 2C,D) .
Whereas in control embryos the displacement and subsequent deciliation of trochoblasts became apparent from about 8 h after first cleavage, in monensin-treated embryos these events became apparent about 1 h later (cf. Figs. 3 and 7) . This is in agreement with Ktihtreiber et al. (1988) , who showed that the sixth cleavage in monensintreated embryos was delayed.
Concluding, the SEM results demonstrate that main prototroch cells and supporting cells of monensin-treated embryos could be identified by their difference in both position and amount of ciliation. All permanently ciliated trochoblasts were incorporated in a complete ring of main prototroch cells and, generally, the trochoblasts of all quadrants developed like corresponding trochoblasts of the A-quadrant (Fig. 10) .
Cell-lineage tracer injections
Embryos were injected with Lucifer Yellow-dextran in a trochoblast or trochoblast-founder cell (lm, 1m!2, 1m2, 1m2!, 1m 22 and 2m) and treated with monensin. Of a total of 99 embryos, eight (8%) developed atypically and were discarded. After injection of Lucifer Yellow-dextran into a 1m-micromere, of either a CFQ or a NCFQ, as expected from the SEM results, three large fluorescent cells were aligned in the ring of main prototroch cells and three large cells were located anterior to this ring ( Fig. 4I-L) . These latter cells were anterior supporting cells. The remainder of the 1m progeny were small cells located in the pretrochal ectoderm (Figs. 4I-L). After injection of a Im 2 -trochoblast, of either a CFQ or a NCFQ, four large cells were labelled (Fig. SE,F) . Three of these large cells were incorporated in the ring of main prototroch cells. The fourth cell was located anterior to this ring, just as an anterior supporting cell in normal embryos. Injection of 1m 2 ! and Im22, of either a CFQ or a NCFQ, showed that this anterior supporting cell is derived from 1m 2 ! (results not shown; cf. Fig. 11 ). Taken together, the results of the injections into 1m, Im 12 , 1m2, 1m2! and Im 22 show that in each quadrant the primary trochoblasts differentiate into three main prototroch cells (Im212, Im 22 ! and Im222) and one anterior supporting cell (Im211) and that the accessory trochoblasts form two anterior supporting cells (lm!22! and Im1222) (cf. Fig. 2 ). Injection into founder cells of the secondary trochoblasts (2m) resulted in labelling of a large cell in the ring of main prototroch cells, a large cell located posterior to this ring, and a number of small cells in the posttrochal ectoderm (Fig. 6G,H) .
The pattern according to which the labelled trochoblasts of radialised embryos were organised was according to the pattern of the A-quadrant of normal embryos (lm-micromeres: cf. . However, trochoblasts were never found to be organised according to the trochoblast pattern unique for D-quadrant differentiation (Fig. 4G,H ).
In conclusion, both SEM observations and cell-lineage studies show that monensin treatment results in a high percentage of radialisation in which the predominant trochoblast pattern corresponds with that of the A-quadrant of normal embryos.
Deletion of all macromeres before induction of the 3D-macromere
In order to rule out possible side effects of the treatment with the Na+/H+-ionophore monensin, another .75 h after first cleavage. Three primary trochoblasts of the A-quadrant (la 2 !2, la 222 and la 22 !) are aligned into a single row of cells and will become main prototroch cells. The fourth primary trochoblast of the A-quadrant (la 211 ) is located in a more anterior position. According to its position, this cell will become an anterior supporting cell. Theaccessory trochoblasts of the A-quadrant (la!22! and la 1222 ) are located anterior to the cells that will form the ring of main prototroch cells and will become anterior supporting cells. One of the secondary trochoblasts of the A-quadrant (2a!11) is intercalated in between la 22 ! and Id 212 and will form a main prototroch cell. The other secondary trochoblast (2a 112 ) will, since it is located posterior to the cells that will form the ring of main prototroch cells, become a posterior supporting cell. (B) B-quadrant of an embryo 9.25 h after first cleavage. Three primary trochoblasts of the B-quadrant (lb 2 !2, Ib 222 and Ib 22 !) are aligned into a single row of cells and will become main prototroch cells. The fourth primary trochoblast (lb 211 ) is located in a more anterior position and will become an anterior supporting cell. The accessory trochoblasts Ib!22! and Ib 1222 are aligned and are located anterior to the aligned secondary trochoblasts 2b ll ! and 2b 112 . This arrangement is the typical arrangement that is seen before the accessory trochoblasts will intercalate in between 2b!!! and 2b!12. Both the accessory and the secondary trochoblasts will become aligned into the single ring of main prototroch cells. (C) C-quadrant of an embryo 9.25 h after first cleavage. Three primary trochoblasts (lc 212 , lc 2 !! and Ic 22 !) are more or less aligned into a single row of cells and will become main prototroch cells. The fourth primary trochoblast (lc 222 ) is located in a more posterior position and will become a posterior supporting cell. The accessory trochoblasts lc!22! and lc!222 possess fewer cilia than the other trochoblasts of this quadrant and are located anterior to the cells that will form the ring of main prototroch cells. Therefore, these cells will become anterior supporting cells. One of the secondary trochoblasts (2c!!!) is intercalated in between Ic 22 ! and Ib 2 !2. This cell will form a main prototroch cell. The secondary trochoblast 2c 112 will, according to its posterior position, become a posterior supporting cell. (D) D-quadrant of an embryo 8.75 h after first cleavage. Three primary trochoblasts of the C-quadrant Oc 212 , lc 211 and lc 22 ! (not visible» as well as three primary trochoblasts of the D-quadrant (ld 212 , Id 2 !! and Id 22 !) are already more or less aligned into a single row of cells and will become main prototroch cells. In the D-quadrant no secondary trochoblasts are formed. However, in contrast to the other quadrants, four accessory trochoblasts are formed. Three of these, Id!212, Id!22! and Id 1222 , are already intercalated a bit in between the two groups of primary trochoblasts of the C-and D-quadrants. The fourth, Id!2!!, will become an anterior supporting cell. Scale bars, 30 Ilm. method was used to prevent 3D formation. Early removal of the cells that are capable of becoming 3D, i.e. all macromeres, physically prevents the formation of a 3D-macromere. Deletion of all four macromeres was performed before 30-35 min after fifth cleavage, since at this moment one of the four macromeres, the one which will later be induced to become the 3D-macromere, starts to stretch further into the blastocoel than the other three macromeres ( Van den Biggelaar, 1977) . For practical reasons, the macromeres were deleted between the beginning of the 16 cell-stage and 30-35 min after the fifth cleavage (early 32-cell stage). At the 16-cell stage all trochoblasts and trochoblast founder cells have already been split off from the macromeres.
SEM
SEM analysis was performed at various moments of development (7.5, 8.5, 9.5 and 10.75 h after first cleavage). Of a total of 30 embryos, two (7%) developed atypically and were discarded. SEM analysis demonstrated that the other 28 embryos were radially organised and did not possess a shell, foot or any other markers of dorsoventral symmetry. The gross morphology is similar to that seen in monensin-treated embryos (Fig. IF) . In most embryos, the prototroch was radialised and the trochoblasts in all four quadrants were organised like corresponding trochoblasts in the A-quadrant of normal embryos, just like in most monensin-treated embryos (see above; Figs. 8, 10 and 12). The prototroch of some embryos appeared to be partly radialised (Figs. 8 and 13 ). Apart from these partly radialised embryos a relatively high percentage of embryos was found in which the pattern of trochoblast differentiation in one or two of the four quadrants did not resemble any of the quadrants of normal embryos (Fig. 8) . In contrast to the monensintreated embryos, embryos in which all macromeres were deleted never showed a retarded development (cf. Figs. 7 and 12).
Cell-lineage tracer injections
Embryos were injected with Lucifer Yellow-dextran in a trochoblast or trochoblast-founder cell (lm, 1m 2 and 2m) and all macromeres were deleted at the 16-cell stage or the 32-cell stage, before 30-35 min after fifth cleavage. Of a total of 43 embryos, five (l2%) developed atypically and were discarded. After injection of Lucifer Yellowdextran into a 1m-micromere, of either a CFQ or a NCFQ, three large fluorescent cells were aligned in the ring of main prototroch cells, two large cells were located anterior to this ring and one large cell was located anterior to or posterior to this ring (Fig. 14A-D) . The remainder of the 1m progeny were small cells located in the pretrochal ectoderm. This pattern resembles the pattern of trochoblasts in the A-quadrant (Fig. 4A,B ) and C-quadrant (Fig. 4E,F) , respectively. Whereas 1aJ1c-micromeres (i.e. of a NCFQ) are expected to develop according to the Aor C-quadrant if deletion of all macromeres would not have a radial ising effect, this is not expected for 1b/ldmicromeres (i.e. of a CFQ). Ib/1d-micromeres nev~r developed according to the B-or D-quadrant, but always according to the A-or sometimes to the C-quadrant. From these results it can be concluded that deletion of all macromeres before 30-35 min after fifth cleavage has a radialising effect. After injection of a Im 2 -trochoblast, of either a CFQ or a NCFQ, four large cells were labelled (Fig. 14E,F) . Three of these large cells were incorporated in the ring of main prototroch cells. In most embryos, the fourth cell was located anterior to this ring, just as an anterior supporting cell of the A-or B-quadrant in normal embryos ( Fig. 5A,B; cf. Fig. 15 ). In some embryos, the fourth cell was located posterior to this ring, just as an posterior supporting cell of the C-or D-quadrant in normal embryos (Fig. 5C,D; cf. Fig. 15 ). The results of the injections into 1m and 1m2 show that in most embryos the primary trochoblasts differentiate into three main prototroch cells (lm212, Im221 and Im222) and one anterior supporting cell (lm211), whereas in some embryos three main prototroch cells (Im211, Im 212 and Im 221 ) and one posterior supporting cell (lm 222 ) were formed (cf. Fig. 2) . In two embryos a founder cell of the secondary trochoblasts (2m) was injected, which resulted in labelling of one large cell in the ring of main prototroch cells, one large cell located posterior to this ring, and a number of small cells in the posttrochal ectoderm (result not shown). The results show that after deletion of all' macromeres before 30-35 min after fifth cleavage the frequency of embryos in which the trochoblasts became organised according to the C-quadrant was higher than after monensin treatment (Figs. 8 and 15 ).
In conclusion, the pattern according to which the labelled trochoblasts of radialised embryos were organised corresponded with the SEM results and was in most embryos according to the pattern of the A-quadrant of normal embryos (Figs. 10 and 15) .
Deletion of all macromeres after induction of the 3D-macromere
In normal development the 3A-, 3B-and 3C-macro meres divide at the transition from the 60-to the 63-cell stage whereas the 3D-macromere remains undivided for another 18 min (Fig. lA,C) (2ml\l) is intercalated in between Im 221 and Ix 212 and will form a main prototroch cell. The other secondary trochoblast (2mI12) will, since it is deciliated and is located posterior to the cells that will form the ring of main prototroch cells, become a posterior supporting cell. The pattern in which the trochoblasts are organised is according to the A-quadrant of control embryos (cf. Fig. 3A ). (B) Second, (C) third and (D) fourth quadrant of this embryo. The trochoblasts of these quadrants are also organised into a pattern comparable with that of the A-quadrant of normal embryos. However, the secondary trochoblasts 2m112 of these quadrants are not (yet) deciliated. Scale bars, 30 ~m. Biggelaar and Guerrier, 1979) . This delayed division is an overt marker for 3D induction. In order to see whether at the 60-63-cell stage the 3D-macromere had already induced the dorsoventral pattern of the prototroch, deletion experiments were performed. At this stage, the 3D-macromere is very elongated and centrally located inside the embryo and therefore it is very difficult to delete the 3D-macromere alone. To solve P. Damen, W.J.A.G. Dictus / Mechanisms oj Development 56 (1996) Since a number of embryos were positioned in such a way in the SEM that not all quadrants could be observed, the data are represented in two graphs. (A) Embryos from which the pattern in which the trochoblasts were organised was reconstructed in all four quadrants. (B) Embryos from which the pattern in which the trochoblasts were organised was reconstructed in two or three quadrants. The embryos were categorised into one of the following groups. normal; embryos in which the pattern in which the trochoblasts were organised was in all quadrants which could be observed normal, i.e. like in control embryos. radial, embryos in which the pattern in which the trochoblasts were organised was in all quadrants that could be observed according to the A-quadrant. partly radial (C-quadrant), embryos in which the pattern in which the trochoblasts were organised was in two or more quadrants that could be observed according to the A-quadrant. In one or two other quadrants this was according to the C-quadrant. partly radial (different); embryos in which the pattern in which the trochoblasts were organised was in two or more quadrants that could be observed according to the A-quadrant. In the other quadrants this pattern was not determinable, i.e. neither according to the A-quadrant nor according to the B-, C-or D-quadrants.
1977; Van den
this practical problem and to allow comparison of the results of these experiments with those of the previous experiments, in which all macromeres were deleted before induction of 3D, all macromeres were deleted at the 60-63-cell stage.
SEM
After deletion, the embryos were cultured and fixed for SEM at successive stages in development (8.5, 9.5 and 10.75 h after first cleavage). Of a total of 16 embryos, none developed atypically. Analysis of the embryos revealed that the organisation of the trochoblasts was according to the A-, B-, C-, and D-quadrant, respectively (Figs. 8 and 13 ). In those embryos in which only part of the prototroch could be studied (since the rest of the prototroch was not visible in the SEM), a B-or D-quadrant was always present. Since B-quadrants were hardly, and D-quadrants never observed in radialised or partly radialised embryos, this indicates that these embryos also had a dorsoventral symmetry. In conclusion, SEM analysis indicates that embryos in which all four macromeres were deleted at the 60-63-cell stage develop a completely normal prototroch (Fig. 8) .
Isolation oftrochoblasts
The results above, and the results of previous work (Damen and Dictus, 1994a) , show that the differentiation pattern of a number of trochoblasts is conditionally specified and that the 3D-macromere plays a role in this proc- Fig. 9 . Scanning electron micrograph showing the deciliation of some primary, secondary and accessory trochoblasts in a quadrants of a monensin-treated embryo of 12.25 h after first cleavage. The trochoblasts of one quadrant are denominated with an 'm', whereas trochoblasts of a neighbouring quadrant are denominated with an 'x'. The accessory trochoblasts Im 1221 , lml222, and lxl221 are located anterior to the ring of heavily ciliated main prototroch cells and are almost completely deciliated. The secondary trochoblast 2xl12 is located posterior to the ring of heavily ciliated main prototroch cells and is also almost completely deciliated. The primary trochoblast lx211 is located anterior to the ring of heavily ciliated main prototroch cells and has less cilia than its sister cell Ix212, that becomes a main prototroch cell. Scale bar, 30 /lm. ess. However, it is possible that besides 3D, other blastomeres also influence the differentiation of trochoblasts. Consequently, the results observed after inhibition of the formation of 3D could differ from the autonomous selfdifferentiation of trochoblasts. It is therefore important to know the self-differentiation pattern of the various trochoblasts. To this aim the ciliation of isolated primary and accessory trochoblasts was used as a marker for terminal differentiation. The differentiation of isolated secondary trochoblasts was not studied since it was virtually impossible to isolate secondary trochoblasts from 64-cell stage embryos and to culture them for 20-22 h.
Isolated primary trochoblasts ( 1 m 2 -micromeres and progeny)
According to Wilson (1904) , Janssen-Dommerholt et al. (1983) , and Serras and Speksnijder (1991) , isolated primary trochoblasts autonomously differentiate into permanently ciliated cells. In order to check whether not only ciliation but also deciliation is an autonomous aspect of trochoblast differentiation, primary trOchoblasts were isolated at the 16-cell stage and cultured in MPFSW in small 2% agar-coated petri-dishes. At 24 h after first cleavage (20°C) the isolates were fixed and processed for SEM. During normal development primary trochoblasts divide twice and form four ciliated cells, of which one later deciliates (Damen and Dictus, 1994a,b) . After isolation, 1m 2 -cells divided twice and formed four ciliated cells (n = 8; Fig. 17 ). No signs of deciliation of any trochoblast was found in any of the isolates, not even after culturing for 22 h (i.e. up to 24 h after first cleavage). We conclude, therefore, that the autonomous cell fate of the primary trochoblasts 1m 2 is the formation of four heavily ciliated cells. Apparently, deciliation is not an intrinsic feature of primary trochoblast development.
Isolated accessory trochoblasts (Im 12 -micromeres)
An accessory trochoblast (lmI2) may differentiate into a number of directions (Fig. 2C,D) (Damen and Dictus, 1994a,b) . A Im l2 -micromere may form three large ciliated main prototroch cells and one deciliated anterior supporting cell, as seen in the D-quadrant, or it may initially form two large ciliated trochoblasts and a number of small cells that are not involved in prototroch formation. Both ciliated trochoblasts may become main prototroch cells (B-quadrant) or they may deciliate and form anterior supporting cells (A-and C-quadrants) (Damen and Dictus, 1994a,b) . Im l2 -micromeres were isolated at the 32-cell stage and cultured up to 24 h after first cleavage. In all isolates (n = 6), the progeny consisted of two heavily ciliated large cells and many small non-ciliated cells (Fig.  18) . No other large cells were present. In addition, no 3. Discussion
3D-dependent specification oftrochoblasts
The experiments in which the formation of 3D was prevented, either by monensin-treatment or by deletion of all four macromeres at the 16-or early 32-cell stage, clearly demonstrate that preventing 3D formation in Patella results in radialisation of the prototroch and in deviation of the normal differentiation pathway of a number of trochoblasts. In these trochoblasts the normal fate, i.e. the fate that is found in the undisturbed embryo, has changed. For instance, in the C-and D-quadrants of normal embryos, the primary trochoblasts Im 222 deciliate and form two large posterior supporting cells. In embryos in which 3D formation is prevented, these trochoblasts become arranged like corresponding trochoblasts of the Aquadrant of normal embryos, i.e. they remain ciliated and become main prototroch cells. In addition to this type of transformation from one larval cell-fate to another larval cell-fate even more radical switches in cell-fate occur. For example, in the D-quadrant of normal embryos, the secondary trochoblasts 2m 111 and 2m 112 continue to divide and their progeny become incorporated into adult structures (Damen and Dictus, 1994a,b) . However, after 3D Results of injections in cross-furrow trochoblasts or trochoblast founder cells. The embryos were categorised into one of the following groups. A-quadrant, the pattern into which the trochoblasts of a labelled clone were organised was according to the A-quadrant; A-or B-quadrant, the pattern into which the cells of a labelled clone were organised was according to the A-or B-quadrant. For the trochoblasts 1m2, Im21 and Im22 one cannot discriminate between these two quadrants, since 1m 2 , Im 21 and Im22 develop the same pattern of differentiated trochoblasts in the A-and B-quadrants (cf. Fig. 2C and D) ; A-or C-quadrant, the pattern into which the cells of a labelled clone were organised was according to the A-or C-quadrant. For the trochoblasts or trochoblast founder cells 1 m 12 and 2m one cannot discriminate between these two quadrants since Im12 and 2m develop the same pattern of differentiated trochoblasts in the A-and C-quadrants (cf. Figs. 2C and D) ; C-quadrant, the pattern into which the trochoblasts of a labelled clone were organised was according to the C-quadrant; C-or D-quadrant, the pattern into which the cells of a labelled clone were organised was according to the C-or D-quadrant. For the trochoblasts 1m2, Im21 and Im22 one cannot discriminate between these two quadrants since 1m2, Im2l and Im22 develop the same pattern of differentiated trochoblasts in the C-and D-quadrants (cf. Figs. 2C and D) ; different, the correct number of trochoblasts (i.e. large cells) is present, but the pattern was not determinable, i.e. neither according to the Aquadrant nor according to the B-, C-or D-quadrants. Fig. 12 . SEM showing the position and ciliation of primary, secondary and accessory trochoblasts in a quadrant of an embryo of 9.5 h after first cleavage in which all macromeres were deleted before 30-35 min after fifth cleavage. In this embryo, the trochoblasts in all quadrants developed like corresponding trochoblasts of the A-quadrant, therefore only one photograph is shown. The trochoblasts of one quadrant are denominated with an 'm', whereas trochoblasts of neighbouring quadrants are denominated with an 'x'. The ring of ciliated main prototroch cells is clearly visible. Three primary trochoblasts (lm 2I2 , lm 222 and lm221) are aligned into the ring of ciliated main prototroch cells. A fourth primary trochoblast (lm 21 !), located anterior to the other three and less ciliated, is an anterior supporting cell. The accessory trochoblasts lm122! and lm 1222 are located anterior to the ring of ciliated main prototroch cells. Therefore, these cells are anterior supporting cells. One of the secondary trochoblasts (2ml1!) is intercalated in between lm22! and lx2!2 and is a main prototroch cell. The secondary trochoblast 2m 112 is, since it is both deciliated and located posterior to the main prototroch cells, a posterior supporting cell. The pattern into which the trochoblasts are organised is according to the A-quadrant of control embryos (see Fig. 3A ). Scale bar, 30 11m.
formation has been prevented, these cells differentiate like corresponding cells of the A-quadrant, i.e. they become cleavage-arrested and become incorporated into the prototroch. This implies that preventing 3D formation results in a change from an adult cell-fate to a larval cellfate. From these examples it can be concluded that the choice between a larval cell fate and an adult cell fate is, at least for some cells, conditionally specified by the 3D-macromere and is the result of 3D-dependent positional changes in cell-fate.
Deletion of all macromeres before 30-35 min after fifth cleavage (i.e. at the 16-or early 32-cell stage) results in the formation of a radially symmetrical prototroch in most trochophores. This demonstrates that at 30-35 min after fifth cleavage the dorsoventral organisation of the prototroch is not yet induced. Deletion of all macromeres at the 60-63-cell stage results in the formation of a normal dorsoventrally organised prototroch. Apparently, the dorsoventral organisation of the prototroch is induced before the 60-63-cell stage (i.e. before 120 min after fifth cleavage). Together, these results show that the dorsoventral organisation of the prototroch is induced between 30 min and 120 min after fifth cleavage. Monensin treatment, which prevents induction of the 3D-macromere, has shown that the 3D-macromere, and no other cell, is responsible for the induction of the dorsoventral organisation of the prototroch. Therefore, 3D is responsible for the induction of the dorsoventral organisation of the prototroch, and not the other macromeres, which were also deleted at the 16-to early 32-cell stage and at the 60-63-cell stage. Our results corroborate earlier observations in the unequally cleaving mollusc Ilyanassa, in which it was demonstrated that a more complete dorsoventral organisation of the prototroch was obtained when the 3D-macromere was deleted in the later, rather than in the earlier part of the interval between the fifth and the sixth cleavage (Clement, 1962) .
Also in Dentalium and Lymnaea, embryos developed radially symmetrically when the formation of the Dquadrant had been prevented (Van Dongen, 1976; Cather and Verdonk, 1979; Arnolds, 1982a,b; Martindale et al., 1985) . The pattern of trochoblast differentiation in these embryos corresponded with that of the B-quadrant of normal embryos. In contrast, our results show that in Patella vulgata the trochoblasts of embryos in which 3D formation is prevented, develop like the corresponding trochoblasts of the A-quadrant. Apparently, Patella behaves differently from the above-described species. The reason for this difference is as yet unknown.
The dorsoventral organisation of the prototroch is induced by the 3D-macromere somewhere between 30 min and 120 min after fifth cleavage, whereas the 3D-macromere itself is induced between 40 and 70 min after fifth cleavage (Damen and Dictus, 1996) . Somewhere between 30 and 120 min after fifth cleavage, all prototroch founder cells contact the centrally located 3D-macromere ( Van den Biggelaar, 1977) . Therefore, the contacts between 3D and overlying animal micromeres may, in addition to being necessary for 3D induction (Van den Biggelaar and Guerrier, 1979; Damen and Dictus, 1996) , play a role in inducing the deviation of some trochoblasts from their autonomously determined cell fate. As a result of these contacts the prototroch becomes dorsoventrally organised. This so-called reciprocal induction has also been suggested elsewhere (Damen and Dictus, 1994a) .
3D-independent conditional specification of trochoblasts
The isolation experiments in which primary and accessory trochoblasts were isolated and cultured show the autonomous differentiation programme of these cells. Although in both normal and radialised embryos deciliation takes place in a number of trochoblasts, this does not occur in isolated primary and accessory trochoblasts. Therefore, deciliation is not part of an autonomous programme of these cells. Apparently, the self-differentiating capacity or autonomous specification of these cells only initiates ciliation. In this orientation, compared to that of (8), the localisation of the primary trochoblasts of the C-quadrant is much better visible. In addition, the secondary trochoblasts of the C-quadrant are visible. The secondary trochoblast 2c 111 appears to be located in the ring of main prototroch cells. The secondary trochoblast 2c 112 is located posterior to 2c ll1 and next to the primary trochoblast Ic 222 that appears to become a posterior supporting cell. Therefore, 2c 112 seems to become a posterior supporting cell as well. (D) In this photograph, the C-and Z-quadrants are visible. In the Z-quadrant, the primary trochoblast Iz211 has a few small cilia and appears to have shifted anteriorly, which indicates that this cell will become an anterior supporting cell. The bands of cilia of the primary trochoblasts Iz 2I2 , Iz 122 and Iz 221 , and that of the secondary trochoblast 2z 111 , are more or less aligned, which suggests that these cells become main prototroch cells. The secondary trochoblast 2z112 is not very clearly visible, but seems to be located posterior to the ring of main prototroch cells and appears to possess a few cilia. This cell will probably become a posterior supporting cell. Scale bars, 30 ~m.
In radialised embryos a number of trochoblasts deciliate (e.g. 1m 1221, 1m 1222 and 1m 211 ). Since deciliation is not autonomously determined, and not induced by the 3D-macromere in embryos in which induction of 3D has been prevented, other cells must induce this deciliation in radialised embryos. This 3D-independent conditional specification of a number of trochoblasts is induced by as yet unidentified cells. It can, however, be excluded that any of the other macromeres is involved, since both the deletion experiments and the monensin experiments gave the same results.
Some indication of the way in which 3D-independent conditional specification of trochoblasts may induce deciliation can be obtained from the results of the experiments in which the four macromeres were deleted prior to induction of the 3D-macromere. The preferential pattern according to which the trochoblasts became arranged after inhibition of 3D formation by deletion of four macromeres corresponds with that of the A-quadrant. Relatively many embryos showed a C-quadrant pattern. In contrast, inhibition of 3D formation by monensin treatment resulted in a relatively low percentage of embryos possessing trochoblasts that were organised like the C-quadrant. During normal development the primary trochoblast 1m 211 of the A-quadrant becomes an anteriorly located supporting cell, whereas the primary trochoblast 1m222 of the C-quadrant becomes a posteriorly located supporting cell. After deletion of all four macromeres, a large hole is created at the posterior pole. This hole is filled up by posteriorly located blastomeres. Due to wound healing, 1m 222 -micromeres, which are the most posteriorly located trochoblasts, are displaced towards the posterior pole. This may explain the posterior localisation of 1m 222 -micromeres, which was relatively frequently found in embryos which were radialised by deleting all macromeres. The results demonstrate that trochoblasts that become located in the ring of main prototroch cells always remain ciliated, whereas trochoblasts that become located anterior to or posterior to this ring always become deciliated. Therefore, deciliation of translocated 1m 222 _ cells may be explained by the increased contacts of these cells with cells that are responsible for induction of deciliation by 3D-independent conditional specification mechanisms. This would imply that positional change of cell-fate depends on cell-cell contacts.
Further experiments are necessary to find out which cells are responsible for the 3D-independent induction of trochoblasts and how 3D-dependent and 3D-independent conditional specification interact to establish the dorsoventral pattern of the prototroch.
Experimental procedures
Embryos
Embryos of the common limpet, Patella vulgata (Mollusca, Gastropoda) were obtained as described before ( Van den Biggelaar, 1977) . Between the 4-and 32-cell stage synchronously cleaving embryos were selected and dejellied with a brief treatment (2-3 min) in acidified MPFSW (pore size 1.2 !lm; pH 3.9). Most experiments were carried out at 19-20°C. At the end of the breeding (Im2Il) is located in the pretrochal area and appears to become an . 'lterior supporting cell. The trochophore seems to be radially symmetrical and the trochoblasts are arranged like corresponding trochoblasts of the Aquadrant of normal embryos. pretr., pretrochal area. Scale bars, 50 \lm.
season (March-April), some batches of embryos were cultured at 13°C since this increased the survival rate. After approximately 34 h these embryos were at a comparable stage of development to those cultured for 24 h at 20°e. All stages of development are given in hours after first cleavage at 19-20°C, unless indicated otherwise.
Cell-lineage tracer injection
Injection of the cell-lineage tracer Lucifer Yellowdextran (MW 10000 Da; D-1825, Molecular Probes, Eugene, USA) was carried out as described before (Darnen and Dictus, 1994a,b) . After injection, the fluorescence pattern was analysed in 24-h old trochophores that were immobilised by removing the cilia with a brief treatment (2-3 min) in 0.6 M sodium acetate in MPFSW. At this stage a clear dorsoventral symmetry can be observed in untreated embryos (shell, foot, stomodaeum and a dorsoventrally organised prototroch) (Darnen and Dictus, 1994a,b) . Immobilised trochophores were studied and recorded on videotape as described before (Damen and Dictus, 1994b) .
Quadrant identification
At the vegetal pole of the embryos, two of the four macromeres touch each other at the so-called vegetal cross furrow (Fig. lA) . The quadrants to which these macromeres belong are referred to as cross-furrow quadrants (CFQs). During normal embryogenesis the formation of the dorsoventral axis takes place between the 32-and the 60-cell stage (i.e. between the beginning of fifth and end of sixth cleavage) and the CFQs almost invariably become the B-and D-quadrants (ventral and dorsal quadrants, respectively) (Van den Biggelaar and Guerrier, 1979) . In experimentally treated embryos in which the formation of 3D and consequently formation of the dorsoventral axis was inhibited (see below), the quadrant in which an injected cell was located could not be determined as A-, B-, C-or D-quadrant. However, it could be established whether a cell was located in a CFQ or in a non-cross-furrow quadrant (NCFQ). In control trochophores, the quadrants are denominated according to the position of the stomodaeum and the shell anlage, which are located at the ventral (B-quadrant) and dorsal side (Dquadrant), respectively.
Treatment with monensin
Groups of synchronously dividing embryos were treated with monensin in order to prevent formation of the 3D-macromere. A 1 mM stock solution of the Na+/H+-ionophore monensin (Sigma Chemical Co, St. Louis, MO, USA) in 96% ethanol was prepared and stored at -20°e. In order to prevent precipitation, the stock solution was diluted to its final concentration of 1 mM in several steps. First, just before use, one part of stock was added to three parts of aqua bidest, which was then added to six parts of MPFSW. This solution was vortexed for 1 min and diluted 100 times with MPFSW. Embryos were treated with monensin from fifth cleavage up to 90 min after fifthcleavage. After this treatment induction of 3D is inhibited in 100% of the embryos and consequently these embryos develop in a radialised fashion (Kiihtreiber et aI., 1988) . After incubation in monensin, the embryos were rinsed three times in MPFSW and cultured in MPFSW. During incubation, the final concentration of ethanol was 0.1 %. Control incubations in 0.1 % ethanol in MPFSW had no effect on development. 
Deletion of macro meres
At various stages of development the four macromeres were removed from the embryo, as described by Van den Biggelaar and Guerrier (1979) . In summary, a handmade, fine-tipped braking pipette was used to suck the macromeres out of the embryo. The opening in the embryo which was created by this operation disappeared during further development by the concrescence of the surrounding cells.
Fixation and preparation for gallocyanin staining
Some control and monensin-treated embryos were fixed at the end of the sixth cleavage, when cleavage spindles were visible in at least three macromeres, in Zenker's fixative (1 % Na2S04, 2% KCr207, 5% HgCl 2 and 5% glacial acetic acid in aqua dest.) for 1 h. They were washed in tap water (o/n), rinsed in aqua dest. and stained in a solution of 0.15% gallocyanin and 15% chromic alum which was adjusted to pH 0.84 ~ith concentrated H 2 S0 4 , After staining, the embryos were washed twice in aqua dest., dehydrated in acidified 2,2-dimethoxypropane (Muller and Jacks, 1975) , cleared in xylene and mounted in Canada balsam. Subsequently, the embryos were observed in a microscope with normal light. 
Scanning electron microscopy
Groups of synchronously dividing embryos were fixed at different stages of development, processed and observed as described before (Damen and Dictus, 1994b) .
Isolation oftrochoblasts
It is technically very difficult to isolate secondary trochoblasts (2m ll -micromeres) from 64-cell stage embryos and keep them alive for 20-22 h. Therefore, only primary trochoblasts (lm 2 -micromeres) and accessory trochoblasts (Im I2 -micromeres) were isolated and cultured. To this aim, 16-cell stage embryos were dissociated by treating them for 4-5 min with CalMg-free sea water (462 mM NaCI, 7.0 mM Na2S04, 10.7 mM KCI and 2.1 mM NaHC0 3 ) with 10 mM EDTA. Subsequently, the Imlmicromeres and primary trochoblasts (lm 2 -micromeres) were separated with an eye lash. The primary trochoblasts were cultured, whereas the Im l -micromeres were used for the isolation of the accessory trochoblasts. After division of the isolated Im 1 -micromeres, the daughter cells (Im ll and Im12) were dissociated by briefly (l min) treating them with CalMg-free sea water with EDTA. The separated Im l2 -micromeres were cultured. After 22 h the isolates were processed for SEM (see above).
